Introduction {#sec1}
============

Owing to the improvement in living standards and changes in the dietetic habits of people, especially increase in the consumption of processed food products lacking fiber, the incidence of obesity has increased, which has not only seriously threatened human well-being and health but is associated with increased risk of various diseases such as type 2 diabetes (T2D), insulin resistance (IR), and hepatic and cardiovascular diseases.^[@ref1],[@ref2]^ The beneficial effects of dietary fibers on obesity-related metabolic diseases have been recognized previously.^[@ref3]^ Previous studies have reported that dietary fibers and short-chain fatty acids (SCFAs) play an important role in regulating high-fat diet (HFD)-induced obesity and related metabolic syndrome.^[@ref4],[@ref5]^

Dietary fibers, such as inulin, which escape digestion in the upper gut could be metabolized by the microbiota in the cecum and colon into SCFAs, which mainly include acetate, propionate, and butyrate.^[@ref6],[@ref7]^ SCFAs affect various biological processes and play important roles in improving the metabolism and function of the large intestine by acting via the free fatty acid receptor GPR43.^[@ref8],[@ref9]^ High amounts of acetate suppress appetite and increase energy expenditure via central hypothalamic mechanisms in rodents.^[@ref10]^ Propionate is a precursor for gluconeogenesis in the intestine, which improves glucose homeostasis and inhibits the synthesis of hepatic lipid.^[@ref11],[@ref12]^ Furthermore, Chambers et al. reported that inulin propionate ester (IPE) can be used for SCFA delivery to increase propionate levels in colon.^[@ref13]^ Butyrate, which can be absorbed and utilized by epithelial cells, is the most important energy source of the human colon and cecum epithelial cells.^[@ref14],[@ref15]^ Although SCFAs have been extensively studied for the effects on intestinal health, glucose and lipid metabolism, as well as appetite regulation and energy expenditure, the precise mechanisms remain unclear. Dietary fibers are fermented by human intestinal bacteria and stimulate the production of SCFA, which contribute to the growth of specific bacteria and are beneficial for the host. Recent studies have indicated that the microbiota composition plays an important role in intestinal health and metabolic diseases such as obesity or T2D.^[@ref15]−[@ref17]^ The relationship between intestinal microflora and SCFA has been widely recognized. Furthermore, we have highlighted the importance of intestinal microflora and SCFA in regulating metabolism, where dietary supplementation with SCFA can be used as a strategy to improve intestinal microbial composition and body health.^[@ref5]^ Oral SCFA supplementation in humans has been investigated to regulate appetite; however, the poor organoleptic properties and ease of being absorbed in the proximal small intestine have limited its use.

We have synthesized IPE, which can be used as a propionate carrier to increase the levels of SCFA in colon, previously.^[@ref18]^ Propionate regulates appetite by stimulating the release of gastrointestinal hormones glucagon-like peptide (GLP-1) and peptide YY (PYY) via activation of the G-protein-coupled receptors (GPCRs) 41 and 43, which in turn affect food intake and body weight gain.^[@ref13],[@ref17],[@ref19]^ Furthermore, based on the results of our previous studies, we hypothesized that IPE can be used to increase the propionate content in vivo, stimulate gastrointestinal hormone secretion, and alter intestinal microbial composition and metabolism. To thoroughly investigate these processes, we analyzed whether direct supplementation of IPE affects the development of obesity in HFD-induced obese mice in this study. We investigated the effects of IPE on food intake, body weight, and blood lipid level and analyzed its influence on homeostatic model assessment-IR (HOMA-IR) and steatohepatitis. Furthermore, we determined the SCFA levels and intestinal microbiota composition in fecal samples.

Results and Discussion {#sec2}
======================

Effects of Inulin, Pr, and IPE on Food Consumption and Body Weight {#sec2.1}
------------------------------------------------------------------

Dietary supplementation with a fermentable fiber and SCFA has been reported to alleviate diet-induced obesity and its associated metabolic syndrome as they can improve intestinal health by altering the homeostasis of gut microbial composition, which is essential for the maintenance of human health.^[@ref4],[@ref20]^ As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, we investigated the effects of inulin, Pr, and IPE on the body weight and food intake of HF diet-induced obese mice. The animals of the MC group were more obese than the animals of the NC group. Similarly, compared to the MC group, supplementation with inulin, Pr, and IPE showed different degrees of reduction in obesity ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). Only the body weight increased in the NC and MC groups, whereas the body weight decreased in all the experimental groups ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). Comparison of the results before and after intervention showed that the body weight of the animals in the LPr, HPr, and LIPE groups decreased significantly (*P* \< 0.05, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B), whereas the decrease in body weight was not significant in LI, HI, and HIPE groups. Compared to the MC group, the inulin, Pr, and IPE supplementation groups showed reduction in the final body weight, whereas only the LPr group showed statistically significant difference in weight loss (*P* \< 0.05, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B).

![Timeline and results of inulin, Pr, and IPE treatment. Inulin, Pr, and IPE prevented increases in body weight and food intake in obese mice. (A) flowchart of design and protocol of the study; (B) body weight comparison before and after intervention; (C,D) food and energy intake per mouse during the experiment. Data were shown as mean ± SD. \**P* \< 0.05, vs MC; \#*P* \< 0.05, body weight comparison before and after intervention in the experimental group (*n* = 10).](ao0c00649_0001){#fig1}

Compared to the MC group, supplementation with inulin, Pr, and IPE significantly decreased the amount of food and energy intake (*P* \< 0.05, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C,D), which was especially prominent in the LIPE group. Furthermore, we analyzed the cumulative food and energy intake over the 4 weeks, which is shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00649/suppl_file/ao0c00649_si_001.pdf). Our results indicated that the cumulative food and energy intake over the 4 weeks were significantly decreased in the HI, HPr, and IPE (LIPE and HIPE) groups compared with that in the MC group (*P* \< 0.05, [Figure S1A,B](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00649/suppl_file/ao0c00649_si_001.pdf)). However, there was no linear relationship between the body weight and food intake. Our study was consistent with previous studies that supplementation with dietary fiber and SCFAs plays an important role in reducing food intake and preventing body weight gain, as well as energy homeostasis.^[@ref4],[@ref21]^ Although dietary fibers and SCFAs have been shown to protect against food intake and body weight gain in both mice and overweight humans, the underlying mechanisms were unclear. These diverse effects of SCFAs may be due to differences in HFD formula and mouse species, age, and the quantity of SCFA added.

Effects of Inulin, Pr, and IPE on Oral Glucose Tolerance Test, Fasting Blood Glucose, Fasting Insulin, HOMA-IR {#sec2.2}
--------------------------------------------------------------------------------------------------------------

Dietary fibers and SCFAs have also been reported to be associated with regulation of blood glucose and IR where propionate plays an important role in gluconeogenesis.^[@ref11],[@ref22]^ Oral glucose tolerance test (OGTT) results indicated that the blood glucose levels were significantly higher before and after glucose load (*P* \< 0.05, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). Glucose intolerance was elevated dramatically in obese mice of the MC group (*P* \< 0.05, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). Compared to that with the MC group, glucose tolerance was reduced significantly with LIPE treatments (*P* \< 0.05, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B), consistent with the results of previous studies where inulin and SCFA improved HFD-induced IR and glucose tolerance, where propionate plays an important role in the underlying mechanism.^[@ref23]^ After 4 weeks of intervention, the fasting blood glucose (FBG) level increased only in the MC group (*P* \< 0.05, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C), while that of both the HI (31.64%) and LIPE (22.14%) groups decreased significantly. Furthermore, compared to the preintervention levels, the FBG levels in LI, Pr (LPr and HPr), and HIPE treatment groups decreased, albeit not significantly (*P* \> 0.05, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C).

![Effect of inulin, Pr, and IPE on glucose tolerance, FBG, serum insulin, HOMA-IR and HOMA-β indices, PYY, GLP-1, and blood lipid profiles. (A) Blood glucose in OGTT; (B) area under curve (AUC) in OGTT; (C) FBG; (D) serum insulin; (E) HOMA-IR; (F) HOMA-β; (G) PYY; (H) GLP-1; (I) TC; (J) TG; (K) LDL-C; (L) HDL-C. Data show the mean ± SD. Compared to the MC, \**P* \< 0.05, vs MC; \#*P* \< 0.05 vs NC (*n* = 6).](ao0c00649_0002){#fig2}

Compared to that of the NC group, the MC group showed increase in serum fasting insulin level (FIN) (*P* \< 0.05, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D), whereas the FIN levels after HPr and LIPE treatments were significantly lower than that of the MC group (*P* \< 0.05, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D). Furthermore, it was obvious that the symptoms of IR were severe in the MC group, as indicated by the HOMA-IR and HOMA-β indices ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}E,F), which were used to evaluate the level of IR and the function of pancreatic beta cells, respectively. Compared to that of the MC group, HOMA-IR was significantly alleviated in the inulin (LI and HI), Pr (LPr and HPr), and LIPE groups (*P* \< 0.05, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}E), with the exception of the HIPE group (*P* \> 0.05, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}E). Similarly, inulin (LI and HI), Pr (LPr and HPr), and LIPE treatment (*P* \< 0.05, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}F) but not HIPE treatment (*P* \> 0.05, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}F) significantly increased HOMA-β, which is used as an indicator of pancreatic β-cell function, as Chambers has suggested that supplementation of 20 g/day of IPE or inulin in overweight and obese adults could improve IR. These positive effects have been observed with SCFAs, especially propionate, which have been suggested to improve insulin sensitivity via metabolic pathways and receptor-mediated mechanisms.^[@ref24]^

Effects of Inulin, Pr, and IPE on Biochemical Parameters {#sec2.3}
--------------------------------------------------------

The levels of PYY and GLP-1 decreased in the MC group, whereas inulin, Pr, and IPE supplementation increased the concentration where only the IPE (LIPE and HIPE) group showed a significant increment (*P* \< 0.05, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}G,H). The inulin (LI and HI) and Pr (LPr and HPr) groups showed an increase in GLP-1 and PYY levels, albeit with no significant change. Chambers et al. also reported that the SCFAs produced by microbial fermentation of dietary fibers in the colon can stimulate the release of the anorectic gut hormones PYY and GLP-1 from rodent enteroendocrine L cells.^[@ref24]^ However, orally administered SCFAs would be rapidly absorbed in the small intestine which could be explained why added LPr and HPr showed no significant effect. Furthermore, supplementation of diets with dietary fiber inulin could not predictably increase propionate production in colon because of the variability in gut microbial activity.^[@ref13],[@ref25]^ Overall, the above analyses illustrated that IPE can be used as a delivery system targeting the release of propionate in the colon.

SCFAs, especially propionate, promote the release of gastrointestinal hormones (PYY and GLP-1) and protect against energy intake and body weight gain in obese adults.^[@ref13]^ However, various studies have demonstrated that acetate and propionate selectively activate the GPCR 43 (GPR43), while propionate and butyrate preferentially activate GPR41. Lu et al. observed that the expression of GPR43 and GPR41 correlated positively with PYY and GLP-1 levels in mice, which may result in the reduction in food intake and body weight gain.^[@ref26],[@ref27]^ The decrease in food intake and body weight gain in our study may also occur via the gastrointestinal hormone mechanism, which supports the importance of SCFA, especially propionate, in appetite regulation.

Serum lipid analysis revealed that the serum lipid levels of total cholesterol (TC), triglyceride (TG), high density lipoprotein cholesterol (HDL-C), and low density lipoprotein cholesterol (LDL-C) in the MC group were significantly higher than that in the NC group (*P* \< 0.05, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}I--L), whereas LI treatment reduced only the TC level (*P* \< 0.05, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}I); in addition, there was no statistical difference in the results obtained after Pr and IPE intervention. Inulin treatment had no effect on TG, LDL-C, and HDL-C levels in this study. Our results were consistent with Mistry et al. who reported that neither short- nor long-chain inulin affected intestinal cholesterol absorption and metabolism.^[@ref28]^ Supplementation with LPr slightly reduced the TG level, while the other treatments showed mitigating effect (*P* \> 0.05, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}J). Compared to that of the MC group, HPr and LIPE treatments significantly reduced the LDL-C level (*P* \< 0.05, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}K), which was consistent with the improvement observed in the NC group. These results indicated that Pr and IPE can be used to deliver extra propionate to the colon and ameliorate the serum lipid levels, which corroborates the previous report showing that SCFA can modulate serum lipid concentration and alter hepatic lipogenesis.^[@ref29]^ The LPr and LIPE intervention slightly increased the HDL-C level, although the observation was not significant ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}L), which may be due to our intervention that was not long enough to cause significant changes in blood lipids. Meanwhile, the acute administration may cause unpalatable affect which would influence the lipid metabolism of mice.^[@ref13]^

Effects of Inulin, Pr, and IPE on the Improvement of Hepatic Lipid Metabolism {#sec2.4}
-----------------------------------------------------------------------------

The liver weight and liver index results of the MC group were significantly high (*P* \< 0.05, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A), which revealed that fat accumulation in obese mice, especially in the liver, was much higher than that in the NC group. Propionate has already been suggested to attenuate lipid biosynthesis in the liver and reduce plasma cholesterol levels,^[@ref30],[@ref31]^ although the mechanism was unclear. Weitkunat et al. observed that supplementation with inulin or SCFA reduces hepatic TG concentrations, while the plasma parameters remain unchanged.^[@ref3]^ Compared to the MC group, the liver weight was significantly reduced with Pr and IPE intervention (*P* \< 0.05, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A), while the inulin groups showed no significant improvement (*P* \> 0.05, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). However, only the LIPE treatment significantly decreased the liver index (*P* \< 0.05, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). The oil red O staining results showed the MC group with significant hepatocyte swelling ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C,D). With the intervention of Pr and IPE, the orange-red lipid droplets decreased significantly, especially in the HPr and LIPE group ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C,D), which showed that the liver cell structure was clear and that fat accumulation had significantly reduced. Our results are consistent with the previous report where propionate was used as a precursor for intestinal gluconeogenesis, which suppressed the synthesis of cholesterol and fatty acids in the liver of mice.^[@ref11],[@ref12]^ Previous studies also suggested a mechanism that propionate can activate the adrenergic receptor, which increased the expression of brown-fat-enriched secreted factor (Nrg4) and decreased hepatic steatosis.^[@ref32],[@ref33]^

![Inulin, Pr, and IPE-reduced liver weight, liver index, and liver fat in obesity mice. (A) Liver weight; (B) liver index; (C) quantification of positive stained area (% of pos area); (D) effect on liver sections with Oil Red O staining. Data show the mean ± SD. Compared to the MC, \**P* \< 0.05, \*\**P* \< 0.01 vs MC; \#*P* \< 0.05, \#\#*P* \< 0.01 vs NC (*n* = 6).](ao0c00649_0003){#fig3}

Analysis of the Effect Size of the Treatment with IBR {#sec2.5}
-----------------------------------------------------

The integrated biomarker response (IBR) index was calculated to evaluate the effect size of inulin, Pr, and IPE on obesity-related metabolic syndrome in diet-induced obesity mice. Briefly, a set of biochemical biomarkers including body weight, food, and energy intake, FBG, FIN, HOMA-IR, HOMA-β, biochemical parameters (PYY, GLP-1, TC, TG, LDL-C, HDL-C), and hepatic lipid metabolism (liver weight and liver index) were standardized and used to draw a star plot ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). It was obvious that the IBR value (star plot area) at GLP-1, PYY, HOMA-β was higher, while food consumption, HOMA-IR, FBG, FIN, and liver weight and liver index were ameliorated with the treatment of LIPE compared with that of the MC group. The IBR value gives an intuitionistic effect size of inulin, Pr, and IPE on various physiological indicators. Identically, the star plot also indicated that the treatment with Pr (LPr and HPr) and IPE (LIPE and HIPE) showed little effect on blood lipid improvement. Consequently, the IBR index was useful to calculate the effect size of the treatment to evaluate the physiological effects.

![IBR index of different treatment groups.](ao0c00649_0004){#fig4}

Effects of Inulin, Pr, and IPE on Fecal SCFA Levels {#sec2.6}
---------------------------------------------------

The total SCFA content in the MC group and experimental groups was significantly decreased compared with that in the NC group (*P* \< 0.05, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). The total SCFA content in the Pr (LPr and HPr) intervention group was lower than those of the other groups. The acetate level was lower in all the experimental groups than in the MC group ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B), as the molar ratio of acetate also decreased with the intervention of inulin, Pr, and IPE ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C). In contrast, the acetate level in the MC group was abnormally high, which can be explained by Rachel's observation that acetate mediates a microbiome--brain−β-cell axis to promote obesity and body weight gain ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B).^[@ref34]^ In particular, LIPE supplementation significantly increased the fecal propionate content and the propionate molar ratio compared to other treatment groups (*P* \< 0.05, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B), as well as the MC group. Furthermore, both LIPE and HIPE supplementation also significantly increased the butyrate molar ratio in feces ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). Previous studies have shown that propionate could improve IR and obesity-related metabolic syndrome, while other studies have also shown that via gut microbial transplantation would promote caecal propionate production in mice and improve glucose metabolism.^[@ref3],[@ref24]^ Therefore, our study preliminarily indicated that IPE can be used as an effective strategy for delivering the SCFA propionate to the colon to improve obesity and the metabolic syndrome.

![(A) Total SCFA; (B) molar ratios in feces with 4 weeks of inulin, Pr, and IPE intervention. \**P* \< 0.05, \*\**P* \< 0.01 vs MC; \#*P* \< 0.05, \#\#*P* \< 0.01 vs NC (*n* = 4).](ao0c00649_0005){#fig5}

Effects of Inulin, Pr, and IPE on Fecal Microbial Diversity Indices {#sec2.7}
-------------------------------------------------------------------

We generated a dataset of 142,5993 sequence reads of 32 fecal samples (4 samples were taken from each group for microbial sequencing analysis), with an average of 43,844 reads per fecal sample. The high-quality sequences of all samples were clustered with a consistency of 97%, and 532 OTUs were obtained. The Chao1 species richness and Shannon diversity index were used to evaluate the richness and diversity of the microbial community, respectively ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The OTUs, Chao1 index, and Shannon diversity were higher in the MC group than in the NC group ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The OTUs and Chao1 and Shannon index were significantly reduced by LI and HI intervention (*P* \< 0.01, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A--C), whereas HPr treatments significantly decreased Chao1 and Shannon index compared to that of the MC group. The alpha diversity indices illustrated that treatment with inulin (LI and HI) and HPr would reduce the microbial diversity, while replenishment with LIPE increased the bacterial community richness but decreased the diversity. The rarefaction and Shannon--Wiener curves tended to be saturated, which indicated that the obtained sequencing data were adequate for covering the entire spectrum of bacterial diversity and the majority of the information pertaining to microbial species in the sample ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}D,E).

![Effect of inulin, Pr, and IPE on the alpha diversity indices of fecal microbiota (A), OUT numbers; (B) bacterial richness estimated using the Chao1 value; (C) bacterial diversity estimated using the Shannon index; (D) Shannon--Wiener curve; (E) rarefaction curve. Data were presented as means ± SD. \**P* \< 0.05, \*\**P* \< 0.01 vs MC (*n* = 4).](ao0c00649_0006){#fig6}

Principal coordinate analysis (PCoA) ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}) showed that the microbiome in inulin (LI and HI), Pr (LPr and HPr), and IPE (LIPE and HIPE) treatment groups significantly differed from one another, while the LPr and MC groups shared some overlapping regions, which indicated that the overall gut microbial community had been significantly modified ([Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A--C and [6](#fig6){ref-type="fig"}E--G). Nonmetric multidimensional scaling (NMDS) analysis based on Bray--Curtis similarity distance showed that the MC, LPr, and LIPE groups were closer, whereas the NC, inulin (LI and HI), HPr, and HIPE group could be distinguished from each other ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}D).

![Effect of inulin, Pr, and IPE on the beta diversity of fecal microbiota. (A--C) and (E--G) PCoA; (D) NMDS ordination based on Bray--Curtis similarities of bacterial communities; (H--J) Venn diagrams analysis of the different groups showing overlaps of OTUs (at 97% similarity).](ao0c00649_0007){#fig7}

Venn diagrams revealed similarities in the relationship between different treatment groups and control groups ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}H--J). The number of OTUs in the NC group was 292; nevertheless, the shared OTUs of the NC and MC groups reduced to 270 with the HFD diet, which indicated that HFD reduced the extent of similarity of the microbial composition between the NC and MC groups. We observed that the amount of OTUs shared between the Pr group and the NC group increased to 290 and 298 (LPr vs HPr), while that with the IPE group was 308 and 298 (LIPE vs HIPE), respectively ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}H,I). However, the shared OTUs among the inulin group and NC group decreased to 254 and 248, respectively (LI vs HI) ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}H).

Effects on Fecal Bacterial Community Composition {#sec2.8}
------------------------------------------------

Dietary fiber and SCFAs have been described as important factors ameliorating obesity and associated disorders by modifying the composition and activity of the gut microbiota.^[@ref35]^ At the phylum and family levels, Bacteroidetes and Firmicutes were the two dominant bacterial phyla in all samples, with the exception of the inulin group (LI and HI) ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A). The relative abundance of Firmicutes (*P* \< 0.05) was higher, whereas that of Bacteroidetes was lower in the MC group than in the NC group (*P* \< 0.05, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A), which was consistent with the results of several previous reports.^[@ref36]^ The same conclusion was also obtained in genetically obese mice.^[@ref26]^ In the inulin (LI and HI) group, the abundance of Firmicutes decreased significantly (*P* \< 0.05), whereas that of Bacteroidetes increased, although the difference was not significant. The relative abundance of Firmicutes in Pr and IPE groups was reduced and that of Bacteroidetes increased with no statistical significance ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A). Dramatically, the abundance of actinomycetes increased significantly to 58.34 and 58.73% in the LI and HI groups, respectively (*P* \< 0.01, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A). In agreement with the observations of Weitkunat et al., the relative abundance of Actinobacteria significantly increased only in the inulin group which was probably due to the increase of Bifdobacteria population.^[@ref3]^ Chambers et al. also indicated that compared to IPE, inulin supplementation promoted a bifidogenic effect.^[@ref24]^

![Inulin, Pr, and IPE modulate the composition of the gut microbiota. (A) Relative abundance of predominant bacteria at the phylum level; (B) changes in Firmicutes/Bacteroidetes ratio in different groups; (C) relative abundance of predominant bacteria at the family level; and (D) relative abundance of certain bacteria at the family level, which were affected by inulin, Pr, and IPE interventions. \*\**P* \< 0.01 vs MC.](ao0c00649_0008){#fig8}

The relative abundance ratios of Firmicutes and Bacteroidetes (F/B) ratio, which can be used as an indicator of gut microbial imbalance and the obesity degree in the MC group, was significantly higher than that of the NC group (*P* \< 0.01, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}B). Both the body weight and F/B results in the NC group were significantly lower than that in the MC group. The relative abundance of F/B significantly decreased in the HI, Pr (LPr and HPr), and IPE (LIPE and HIPE) groups (*P* \< 0.01, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}B) where the HI, HPr, and LIPE groups showed more obvious reduction. At the family level, the abundances of primary bacterial communities in the NC group were as follows: Lachnospiraceae (13.28%), Lactobacillaceae (18.25%), and Bacteroidales\_ S24_7 group (30.23%). The MC group showed a significant decrease in the Bacteroidales\_ S24_7 population and a significant increase in Erysipelotrichaceae and Desulfovibrionaceae abundance (*P* \< 0.05), which was consistent with the observations of Gerritsen et al.^[@ref37]^ Our results also indicated that the abundance of the Bacteroidales\_ S24_7 group increased, whereas that of Lachnospiraceae decreased with the intervention of inulin, Pr, and IPE, albeit without statistical significance. The relative abundances of Bifidobacteriaceae and Coriobacteriaceae increased with inulin (LI and HI) supplementation (*P* \< 0.01, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}C,D), which may have contributed to the increase in Actinobacteria abundance ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A,C). The abundance of Ruminococcaceae of phylum Firmicutes was significantly higher in the Pr (LPr and HPr) and IPE (LIPE and HIPE) groups than in any other group (*P* \< 0.05, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}C,D). As previously reported, both Bacteroidales_S24-7 group and Ruminococcaceae contained several butyrate-producing bacteria.^[@ref38]^ Zhang et al. indicated that the abundance of Ruminococcaceae was higher in obese mice, whereas inulin-treated mice showed lower abundance.^[@ref39]^ Compared to that in the MC group, the abundance of Erysipelotrichaceae and Desulfovibrionaceae was reduced significantly in the HPr and LIPE groups (*P* \< 0.05, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}C), which corroborated Lu et al.'s observations that addition of acetate and propionate to diets reduced the abundance of Desulfovibrionaceae.^[@ref26]^ The heat map analysis of microbial community composition at the family level confirmed that the abundance of Erysipelotrichaceae and Desulfovibrionaceae that cause obesity and metabolic syndrome-related inflammation were reduced ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00649/suppl_file/ao0c00649_si_001.pdf)). Previous studies have confirmed that Desulfovibrionaceae are lipopolysaccharide producers, which might lead to IR-related metabolic disorders.^[@ref40]−[@ref42]^

Comparing our research with Chambers', our results indicated that IPE significantly improved liver fat accumulation. Meanwhile, the composition of gut microbes was affected at different levels with IPE supplementation in the current study and the study of Chambers.^[@ref24]^ There may be several reasons for this difference. On the one hand, we noticed that only 12 people were involved in the study of Chambers et al.^[@ref24]^ On the other hand, different genders were used in Chambers' research and the three treatments (IPE, inulin, and cellulose) were consecutively done in the same 12 people (the experiments were repeated every 28 days with IPE, inulin, and cellulose intervention, respectively). In addition, different IPE preparation methods and dosages may have different effects. However, the underlying mechanisms still require further investigation.

Inulin derivatives have been widely used for the development of a microbiota-triggered colon targeting drug delivery system. In this study, we used IPE as a delivery system targeting the release of propionate to the colon, which significantly increased the SCFA content, especially propionate in the colon with the fermented role of gut microbes. The increment of propionate improved gastrointestinal hormone secretion and IR. By reducing the abundance of pathogenic bacteria that cause obesity and metabolic syndrome-related inflammation, the composition of gut microbes was altered and the metabolism was improved.

Predicted Metabolic Functional Profiles of Microbial Communities Using PICRUSt {#sec2.9}
------------------------------------------------------------------------------

The potential function profiling of gut bacteria with respect to metabolism was investigated using the PICRUSt program. Among 217 KEGG pathways, the number of genes related to carbohydrate digestion and absorption, fructose, and mannose metabolism, galactose metabolism, and starch and sucrose metabolism increased with HI treatment (*P* \< 0.05, [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A--D). Nonetheless, the inulin group showed no significant effect on fatty acid biosynthesis and fatty acid metabolism (*P* \> 0.05) compared to the MC group, while only the LIPE group showed increase in the number of the genes related to fatty acid metabolism (*P* \< 0.05, [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}E). Compared to other groups, the LIPE group showed increase in fatty acid biosynthesis, although the observations were not statistically significant (*P* \> 0.05, [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}F). Comprehensive analysis of serum lipid and liver section staining showed that LIPE supplementation may be involved in lipid metabolism by augmenting SCFA production, especially that of propionate. Nevertheless, the effect of propionate on hepatic synthesis is being debated. Therefore, further studies are required to elucidate the mechanism of propionate action on lipid metabolism in the liver as well as in other organs.

![Prediction on energy and carbohydrate metabolism of bacterial communities using the PICRUSt program. (A) Carbohydrate digestion and absorption; (B) fructose and mannose metabolism; (C) galactose metabolism; (D) starch and sucrose metabolism; (E) fatty acid metabolism; (F) fatty acid biosynthesis. \**P* \< 0.05, vs MC.](ao0c00649_0009){#fig9}

Conclusions {#sec3}
===========

In summary, we used IPE as a strategy to ameliorate obesity and its metabolic syndrome in an HFD-induced mice model. IPE was used as propionate carrier targeting of colon, which effectively improved IR and alleviated liver fat accumulation in obese mice. Intestinal microbial results showed that the relative abundance of Desulfovibrionaceae and Erysipelotrichaceae was reduced. The improvement of obesity and related metabolic syndrome may be related to the decrease of pathogenic bacteria abundance with the increment of propionate in colon. This study highlights that IPE is an effective strategy to increase propionate in the colon.

Materials and Methods {#sec4}
=====================

Chemicals {#sec4.1}
---------

The research diets D12492 and D12450B were purchased from New Brunswick, NJ, USA, and their composition is shown in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00649/suppl_file/ao0c00649_si_001.pdf). All kits used were purchased from Nanjing Jiancheng Chemical Industrial Co. Ltd., China. All other chemicals and solvents used were of reagent grade.

Animal Treatments and Experimental Design {#sec4.2}
-----------------------------------------

All experimental procedures and protocols were performed with the approval of the Animal Care Committee of Binzhou Medical University (BMU-2018-71), and all methods were performed in compliance with the approved guidelines and regulations. The experiments involved 4-week-old male C57BL/6 mice (20 ± 2.5) g, originally purchased from Peng Yue Experimental Animal Breeding Co., Ltd. (Jinan, Shandong, China, SCXK-2013-0020). All mice were maintained at the Experimental Animal Center of Binzhou Medical University (Shandong, China) in cages in a climate-controlled room (22 ± 2 °C, relative air humidity 50 ± 10%) with a 12 h light--dark cycle (lights on at 7 a.m.). The animals were provided free access to food and water. After 2 weeks of adaptive feeding, all mice were randomly divided into two groups, which were fed either low-fat diet (LFD) (kcal %: 10% fat, research diet D12450B) in the normal control group (NC, *n* = 10) or HFD (kcal %: 60 fat, research diet D12492, New Brunswick, NJ, USA) ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00649/suppl_file/ao0c00649_si_001.pdf)) in the obese model group (*n* = 70) for 8 weeks until the body weight of the mice in the model group was 20% higher than the average weight of the control group, which was the standard for the obesity model.^[@ref19]^ Afterward, the obese mice were randomly divided into 7 groups ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A, *n* = 10 per group): the animals in the HFD model control group (MC) were administered with saline, while the animals in the other groups were orally administered low and high dose of inulin (LI and HI) via gavage. Inulin (degree of polymerization 8--10, extracted from chicory) was procured from Sensus (Roosendaal, the Netherlands). Low- and high-dose propionate (Pr) (LPr and HPr) and low- and high-dose IPE (LIPE and HIPE) were used for intervention; the degree of substitution of IPE was 2.86, which was synthesized in our previous study.^[@ref18]^ All the supplements were dissolved in water and 0.2 mL supplement/(10 g body weight) was administered to the animals in the experimental group, while the animals in the control group (NC and MC group) were administered the same volume of saline. The doses used in different groups are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A. Body weight was measured weekly, while food consumption and energy intake were measured daily and analyzed once a week. Fresh stool samples were collected after 4 weeks of intervention. Mice were placed in sterile cages separately and allowed to defecate naturally. The feces were collected with sterile forceps, stored in EP tubes, immediately frozen in liquid nitrogen, and stored at −80 °C for SCFA and microbiota analysis.

The FBG was measured once a week after fasting for 12 h before the experiment via collecting blood from caudal vein. In week 4, an OGTT was performed after fasting for 12 h as described previously, and after OGTT, the mice were given 1 week of recovery time.^[@ref43],[@ref44]^ Furthermore, the animals were fasted for 12 h and then euthanized to obtain the blood samples from the intraorbital retrobulbar plexus. Serum was prepared to measure the TC, TG, as well as LDL-C and HDL-C levels as per manufacturer's instruction (Nanjing Jiancheng Chemical Industrial Co. Ltd., China). Enzyme-linked immunosorbent assay kits were used for the detection of FIN, GLP-1, and PYY levels. HOMA-IR and homeostasis model assessment-β (HOMA-β) were calculated as described previously.^[@ref45],[@ref46]^ Liver tissues were removed, weighed to calculate the liver index (the ratio of liver weight to the mice weight), and fixed in 4% paraformaldehyde at 4 °C for making pathological sections for Oil Red O staining as described previously to analyze fat accumulation.^[@ref47],[@ref48]^

According to Burgeot et al. methods, the IBR version 2 (IBRv2), adapted from the IBR previously described by Beliaeff and Burgeot, was used to evaluate the effect size of the treatment with inulin (LI and HI), Pr (Lpr and HPr), and IPE (LIPE and HIPE) on obese mice.^[@ref49],[@ref50]^ All the biomarker responses at different levels were standardized at each site into one general "stress index".

SCFA Analysis in Feces {#sec4.3}
----------------------

The concentration of SCFAs in the feces was measured using gas chromatography--mass spectrometry as described previously.^[@ref51],[@ref52]^

Fecal DNA Extraction, Polymerase Chain Reaction (PCR), and Illumina MiSeq Sequencing {#sec4.4}
------------------------------------------------------------------------------------

Total DNA was extracted from the fecal samples, and the V3--V4 regions of the 16S rRNA were amplified using PCR and sequenced using an Illumina MiSeq sequencer (Illumina, San Diego, USA). After removing unqualified sequences, 142,5993 high-quality 16S rRNA sequences were generated for 32 mice samples. Operational taxonomic units (OTUs) were clustered with a 97% similarity cutoff using UPARSE.^[@ref53]^ OTUs were used for biodiversity analysis. Alpha diversity was calculated using Chao1 and Shannon indexes to identify community richness and diversity using the MacQIIME software package, and PCoA plots were drawn using OTUs from each sample based on unweighted UniFrac distances to represent beta diversity.^[@ref54],[@ref55]^ Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) was used to predict the functional microbiota content in the fecal samples with the 16S rRNA sequence data.^[@ref56]^ Then, the Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to predict metabolic functions.

Statistical Analysis {#sec4.5}
--------------------

All data were expressed as means ± SD. To ensure the accuracy of the data, we prepared three samples of each mouse for parallel experiments. Statistical calculation was performed using GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA), and the results were processed using SPSS 16.0. The liver sections with Oil Red O staining were quantitatively analyzed with ImageJ software (Version 1.8.0-112). The significant differences of the results were subjected to one-way analysis of variance, followed by Tukey's post hoc test when the data were normal and variances were equal; otherwise, the Kruskal--Wallis test and Mann--Whitney test were applied. Differences with *P* \< 0.05 were considered statistically significant.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00649](https://pubs.acs.org/doi/10.1021/acsomega.0c00649?goto=supporting-info).Diet composition of LFD and HFD; cumulative food and energy intake over the 4 weeks in different groups; and heat map analysis of microbial community composition at the family level ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00649/suppl_file/ao0c00649_si_001.pdf))
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IPE

:   inulin propionate ester

Pr

:   propionate

LI and HI

:   low- and high-dose inulin

LPr and HPr

:   low- and high-dose propionate

LIPE and HIPE

:   low- and high-dose inulin propionate ester

NC

:   normal control group

MC

:   model control group

GLP-1

:   glucagon-like peptide

PYY

:   peptide YY

HFD

:   high-fat diet

SCFAs

:   short-chain fatty acids

FIN

:   fasting insulin

FBG

:   fasting blood glucose

OGTT

:   oral glucose tolerance test

IBR

:   integrated biomarker response
